Coulomb interaction between electrons on p-orbitals of oxygen atom in strongly correlated compounds is not negligible, since its value (U p ) has com- 
I. INTRODUCTION
During last several decades the electronic structure calculations from first principles became an important part of the solid state theory. The solution of such essentially manyparticle problem as calculation of band structure of real materials is impossible without rather severe approximations. The most famous and commonly used approximation in ab initio electronic structure calculations is density functional theory (DFT) [1] within the local spin density approximation (LSDA). But, as an approximation based on the homogeneous electron gas theory [2] , the LSDA is valid only for compounds with slow varying through the crystal charge density. In other words, the LSDA must describe well only the delocalized electronic states (broad bands). Nevertheless the LSDA is sometimes able to give correct ground state properties for the systems with rather narrow bands (see for example [3] ).
The most unusual physical properties were found in the systems with strong electronelectron Coulomb correlations (such as Mott insulators, high-T c superconductors, etc.).
These systems have been intensively investigated during last 20 years both by experimentalist and theoretician communities. All intriguing features of these systems come from the existence of nearly localized electronic states (narrow bands) such as d or f states of transition metals ions or rare-earth metals ions, respectively. To mark out the localized state one can apply the following criteria: kinetic energy of localized states is of the same or even smaller order of magnitude as the energy of Coulomb interactions. It is known that for strongly-correlated systems the LSDA often fails (high-T c related compound La 2 CuO 4 ; insulating, antiferromagnetic transition metal oxides). However constrained LSDA calculations [4] give Coulomb interaction parameter values in surprisingly good agreement with the experimental estimations [4] [5] [6] [7] [8] [9] [10] [11] .
Several approaches were built on the LSDA basis repairing its deficiency in describing Coulomb interaction between localized states. The most popular methods are the selfinteraction correction method (SIC) [12, 13] and the LDA+U method [14] .
The basic problem of the LSDA is the orbital-independent potential which does not allow to reproduce Coulomb interaction derived energy splitting between occupied and empty subbands. The SIC method solves this problem by introducing the orbital-dependent potential correction which explicitly substracts the self-interaction present in the LSDA. This method restores correct electronic properties of the transition metal oxides where the LSDA fails. However the self-interaction correction for the d states is so strong, that when one implements SIC potential only to the d -orbitals of transition metal then the oxygen p-orbitals do not shift from the LSDA obtained positions and the occupied d -band lies much lower in energy than oxygen valence band, which does not agree with the spectroscopy data. However the values of energy gaps and the spin magnetic moments are in rather good agreement with experiment [13] . To improve this situation one can treat all valence states (namely the transition metal ions d -orbitals and oxygen p-orbitals) as localized and apply SIC potential to all of them [16] . In this case structure of occupied bands is well reproduced, but the value of energy gaps will be overestimated [17] .
Another way to overcome the well known disadvantages of the LSDA is the LDA+U method, which gives better agreement with experimental spectra [14] . The LDA+U method corresponds to the static limit of recently developed new many-body approach -the dynamical mean-field theory (DMFT) [18] . In its standard form the LDA+U takes into account only Coulomb interaction between d (or f ) electrons of transition metal ions. In the present paper we investigate the problem of Coulomb interaction between oxygen p electrons and show that the inclusion of the corresponding term in LDA+U equations leads to significant improvement of agreement between calculated and experimental spectral and magnetic properties.
II. METHOD OF CALCULATION
The main idea of the LDA+U method is to add to the LSDA functional the term E U corresponding to the mean-field approximation of the Coulomb interaction in multiband Hubbard model.
where ρ σ (r) is the charge density for spin-σ electrons and E LSDA [ρ σ (r)] is the standard LSDA (Local Spin-Density Approximation) functional. Eq. (1) asserts that the LSDA is sufficient in the absence of orbital polarizations, while the latter are driven by,
where V ee are the screened Coulomb interactions among the d electrons. Finally, the last term in Eq. (1) corrects for double counting (in the absence of orbital polarizations, Eq. (1) should reduce to E LSDA ) and is given by
were N σ = T r(n σ mm ′ ) and N = N ↑ + N ↓ . U and J are screened Coulomb and exchange parameters [8, 10] .
In addition to the usual LSDA potential, an effective single-particle potential to be used in the effective single-particle Hamiltonian has the form:
).
The matrix elements of Coulomb interaction can be expressed in terms of complex spherical harmonics and effective Slater integrals
where 0 ≤ k ≤ 2l and If one neglects the exchange and non-sphericity of the Coulomb interaction (which is exact in the case of the fully occupied or empty band) the potential correction will have the more simple form:
where n i is the occupancy of i-orbital. Then for fully occupied state LDA+U potential correction would be the shift to the lower energies on U/2, while for empty states it gives an upward shift on the same value. So the LDA+U gives correct splitting between occupied and empty subbands equal to the Coulomb interaction parameter U.
In the LDA+U approach the Coulomb interactions are taken into account conventionally only on d -orbitals of transition metals. However it is known that Coulomb interactions between electrons on p-orbitals of oxygen have comparable order of magnitude [6, 7] with the corresponding d−d Coulomb interactions and so must be taken into consideration on the same footing as for d -orbitals. The usual justification for omitting of U on oxygen p-shell is that the oxygen shell is fully occupied and the correlation effects between electrons (or rather holes) in it can be neglected due to the small number of holes in ground state. However the LDA+U equations (7) will give nonzero correction for the fully occupied oxygen band:
This potential correction must be applied to the orbitals forming oxygen band, however We call this extension of the LDA+U method in the paper as the LDA+U (d+p) .
Recently the modified LDA+U We show that inclusion of the correlations in oxygen p-shell leads to the better agreement with the experimental data for the main peaks position in X-ray photoemission spectroscopy (XPS) and Bremsstrahlung isohromate spectroscopy (BIS) spectra in comparison with conventional LDA+U calculated spectra. Not only spectral properties, but both spin magnetic moments and intersite exchange interaction parameters J ex for NiO, MnO and La 2 CuO 4 are in better agreement with the corresponding experimental data.
III. RESULTS AND DISCUSSION
The important part of the LDA+U calculation scheme is the determination of Coulomb interaction parameters U and J in equations (5) correction was obviously expected with the increasing of "charge transfer" energy in the compounds belonging to the class of "charge transfer" insulators [28] , the increasing of the magnetic moments values is more complicated self-consistency effect due to the increased ionicity in the LDA+U (d+p) calculations comparing with the LDA+U results.
In Fig. 4 the DOS obtained by LDA+U Comparison between LDA+U and LDA+U (d+p) calculated J ex parameters and experimental data is presented in table IV. J ex were calculated from Greens function method as second derivatives of the ground state energy with respect to the magnetic moment rotation angle [31, 32] . Again one can see that in general the LDA+U (d+p) gives better results than the LDA+U, especially for MnO compound.
IV. CONCLUSION
The method for inclusion of Coulomb interactions between oxygen p electrons in the calculation scheme of the LDA+U method was proposed. The main effect was found to be the increasing of "charge transfer" energy parameter (the separation of O(2p) and Me(3d ) states). As the result, the spectral and magnetic properties of the typical strongly correlated transition metal oxides NiO, MnO and La 2 CuO 4 were found in better agreement with experimental data than in the conventional LDA+U method where only correlations between Me(3d ) state are taken into account.
ACKNOWLEDGMENTS
We are greatful to T. Fujiwara for the helpful discussions. This work was supported by the Russian Foundation for Basic Research (RFFI-98-02-17275). and Mn(3d) in comparison with superimposed XPS and BIS spectra. 
TABLES

